which is reversible after transferring the cells back to 37~
scure (15) . However, some insight into the involvement of Ca ++ in membrane fusion was obtained from experiments with phospholipid vesicles. Ca ++ alone was shown to induce fusion of liposomes containing negatively charged phospholipids, mainly phosphatidylserine (33, 34) . In these systems, Ca ++ was shown to increase the transition temperature of the phospholipids and to promote domain separation in the phospholipid bilayer (33, 34) . It was suggested that, in the case of exocytosis, similar changes in the physical state of membrane lipids resulting from the increase in intracellular Ca ++ may lead to fusion of secretory vesicles with plasma membrane (34, 35) .
In the last few years, we have used chicken erythrocytes as a model system for studying the mechanism of virus-induced cell fusion and the role of Ca ++ in this process (43, 44, 47) . It may be assumed that the combination of virus and Ca ++ is essential for inducing cell fusion for the following reasons:
(a) Ca ++ ions may increase the amount of virus particles that are specifically attached to the cell membrane.
(b) Attachment of virus to the cell membrane may expose some of the membrane components (proteins or phospholipids) to which Ca ++ could not otherwise bind. Binding of Ca ++ to these specific sites may be essential for the development of the fusion process. Indeed, it has recently been shown that Sendai virus stimulates Ca ++ exchange in Lattree cells (30, 36) .
(c) The virus may promote the entry of Ca ++ into the cells. The intracellular Ca ++ may cause cell fusion either directly, by affecting the cell membrane (35, 47) , or indirectly, by causing a dissociation of the cell microtubules (40) . In this context, it should be mentioned that fusion of chicken erythrocytes can be induced by the combination of Ca ++ and the ionophore A-23187 without the addition of virus (3, 47) . Moreover, an influx of Ca ++ is usually associated with the membrane fusion process during exocytotic events such as release of the neurohypophysical hormone (11) or extrusion of secretory granules in mast cells (10) .
In the present communication, we have used the freeze-etching technique in order to reveal the ultrastructural changes induced in the chicken erythrocyte membrane by Sendai virus. This includes the comparison of the membrane alterations induced by the virus, in a system containing Ca ++ or EGTA, and a study of the successive stages in the incorporation of viral particles into the plasma membrane. In addition, by using l'-'~I-virus, we have studied the binding of Sendai virus to chicken erythrocytes in the presence of Ca ++ or EGTA. Finally, the possibility that Sendai virus may promote Ca ++ accumulation in chicken erythrocytes was also investigated.
The freeze-etching nomenclature used throughout the present work is based on the recent proposition of uniform freeze-etching nomenclature, as outlined by Branton et al. (9) .
MATERIALS AND METHODS

Cells
Chicken blood was collected from the necks of decapitated chickens into an Erlenmeyer flask containing heparin (100 U/ml). The final sediment was suspended in Solution K to give 5% (vol/vol) (3.5 • 108 cells/ml) or 40% (vol/vol) concentration.
Hepatoma tissue culture (HTC) cells, subclone GM 22-5, were grown as described previously (22) . The cells were washed twice in Solution A and finally suspended in Solution A to give 10% (vol/vol) (about 2 • 107 cells/ ml).
Salt Solutions
The medium used for the suspension of chicken erythrocytes contained 135 mM KCI, 5.4 mM NaCI, 0.8 mM MgC12 in 20 ml Tricine-NaOH, pH 7.4 (Solution K). The medium used for the suspension of HTC contained 160 mM NaC1 and 20 mM Tricine-NaOH buffer, pH 7.4 (Solution A).
Virus
Sendai virus was isolated and its hemagglutinin titer (expressed in hemagglutination units, HAU) determined as previously described (43) .
Virus.Induced Fusion of Chicken Erythrocytes
Fusion of chicken erythrocytes by Sendai virus was performed essentially as described before (43) , except that the cold preincubation step with the virus was omitted. Chicken erythrocytes suspended in Solution K, 2.5% (vol/vol), were incubated for 5 min at 37~ with gentle shaking (in a New Brunswick shaker [New Brunswick Scientific, New Brunswick, N. Y.] at 100 rpm). CaCI2 was then added to the final concentration of 20 mM and, after another 10 min at 37~ 2,000 HAU/ml of the virus were added (zero time). This resulted in immediate agglutination followed by massive fusion within 10-15 min of incubation at 37~ The extent of fusion and the dimensions of the polykaryons were found to be unaffected by the omission of the cold preincubation step.
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Labeling of Sendai Virus with ~25I-Na
The method reported before for iodination of bovine serum albumin (BSA) (26) was used with slight modifications for iodination of Sendai virus, lodination under the present conditions did not affect the various viral activities. 1 In short, 10 mg of the viral protein (200,000 HAU) were labeled with 1 mCi of ~z~I-Na in the presence of 30 /zg of chloramine T. The reaction was terminated with sodium metabisulphate and cold KI. Free laI-Na and chloramine T were removed by Sephadex (3-25. Iodination resulted in about 3.6 x 10 e cpm/ mg viral protein.
Binding of x25I-Sendai Virus to Chicken Erythrocytes
Chicken erythrocytes, 2.5% (vol/vol), were preincubated with ~z~I-Sendai virus at 4"C for 10 rain and then transferred to 37~ for further incubation (for details, see legend to Fig. 1 ). During the incubation period, duplicate samples of 0.1 ml of the virus-cell suspension were withdrawn and layered on top of 1.5-ml cushions of 0.3 M sucrose in Eppendorf polystyrene tubes. After 3-min centrifugation at 12,000 rpm (Eppendorf centrifuge), the supernate was discarded and the tubes were washed with 1 ml of cold Solution K. After additional centrifugation (15 s at 12,000 rpm), the tip of the tube, containing the packed ceils, was cut off into a scintillation vial and counted in an Auto-Gamma scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, I11.).
The method described above was found to be satisfactory for separation of unbound w'~I-Sendai virus and chicken erythrocytes. Less than 1% of the free ~z~I-virus passed through the sucrose cushion, while either chicken erythrocytes or erythrocyte ghosts readily pelleted under these conditions.
Hydrolysis of Chicken Erythrocytes' Sialic Acid by Neuraminidase
Chicken erythrocytes were desialized essentially as described before (44) . 30 ttl of neuraminidase (Vibrio cholerae, 500 U/ml (Behringwerke AG, Marburg/ Lahn, Federal Republic of Germany)) were added to 2 ml, 20% (vol/vol), chicken erythrocytes in 50 mM acetate buffer, pH 5.8, and the mixture was incubated for 2 h at 37~ The cells were then washed three times in Solution K.
Measurement of 45Ca ++ Uptake
Ca ++ accumulation in chicken erythrocytes was measured essentially as described before (47) . Cells in Solution K, 20% (vol/vol), were preincubated with Sendai virus (2,000 HAU/ml) for 10 min at 4~ in the presence of ~Ca ++ (0.03 /zCi/ml cell suspension) and a x Wolf, D., and A. Loyter. Manuscript in preparation. specified amount of carrier CaCI~. The virus-cell suspension was then transferred to 37~ for further incubation, during which duplicate samples were withdrawn, centrifuged, and ~Ca ++ was estimated in their supernate. Ca ++ accumulation in the cells was calculated by subtracting the amount of ~CaCI2 found in the supernate of ceils incubated with the virus from that of ceils incubated without the virus (47), Binding of ~Ca ++ by virus alone was found to be below the experimental error under the conditions used. Washing of the ceils after Ca ++ introduction resulted in release of intracellular Ca +* (and hemoglobin) to the medium at each wash. Therefore the washing was omitted for kinetic studies. *sCa++ accumulation of HTC cells in the presence of Sendai virus was measured as in chicken erythrocytes, except that 10% cell suspension (vol/vol) and 4,000 HAU/ml of the virus were used.
Antiviral Glycoprotein Antibody
The Sendai virus glycoproteins were obtained after solubilization of the virus in ether and Tween-20 according to Hosaka et al. (18) . The envelope glycoproteins were injected into rabbits and the antiserum was collected as described by Sato et al. (41) . The antibody prevented virus-induced agglutination, hemolysis, and fusion of intact erythrocytes.
Freeze-Etching and Electron Microscopy
Cells were fixed at a given temperature by addition of glutaraldehyde (Ladd Research Industries, Inc. Burlington, Vt.) to a final concentration of 1% (vol/vol), and then freeze-etching was performed as previously described (13) . Micrographs were obtained in a Phillips EM 300 operating at 80 kV. In freeze-fracture illustrations, the encircled arrowhead indicates the direction of shadow.
All reagent chemicals used were commercially obtained and were of analytical grade. The ionophore A-23187 was a generous gift from Eli Lilly & Co. (Indianapolis, Ind.) and was dissolved in 95% ethanol (0.3-3 mg/ml). ~Ca ++ carrier free (2 mCi/ml) was obtained from New England Nuclear (Boston, Mass.). x2~I-Na (100 mCi/ml) and [U-14C]gIucose-l-phosphate (4 mCi/ mmol) were purchased from Radiochemical Centre Ltd. (Amersham, England). suspension of 2.5% (vol/vol) of chicken erythrocytes, about 50% of the total amount of the virus was bound to the cells (Fig. 1 a) . Binding of virus is specific, as neuraminidase-treated cells lost almost all their binding capacity ( Fig. 1 b) . Fig. I a also shows that 60-65% of the bound virus is released from the cells during the first 10 min of incubation at 37~ (In other experiments, 45-50% of the bound virus was released during the same period.) Addition of Ca +--did not affect the binding capacity nor the elution kinetics of the virus. The absence of Ca ++, however, had a profound effect on the development of fusion. In experiments shown in Fig. 1 and throughout the present work, fusion was completely prevented when chicken erythrocytes were incubated with
RESULTS
Effect of Ca ++ and Anti-Sendai Antiserum on the Binding and the Elution of Sendai Virus from Chicken Erythrocytes
Sendai virus in the presence of EGTA (see also references 31, 43, and 49). Interestingly, when antiviral antiserum was added in the cold to virusagglutinated chicken erythrocytes, it inhibited the release of the virus at 37~ (Fig. l b) . Under these conditions, both the hemolytic and the fusion activities of the virus were blocked (not shown).
Ultrastructural Changes Induced in Chicken Erythrocyte Membranes during Virus-Cell Interaction
Incubation of chicken erythrocytes with 20 mM CaC12 for 10 min at 37~ did not cause any changes in the normal distribution pattern of the intramembrane particles (Fig. 2a) . Addition of virus, which caused an immediate agglutination of the cells, induced an apparent reduction in the density of the intramembrane particles within the first 2 min, as was observed in the replica of the protoplasmic fracture (P) and exoplasmic fracture (E) faces of these cells ( Fig. 2 b and c) . Quantitative estimation of the particles' density in the Pand E-fracture faces of those cells (Fig. 3) shows the significance of the observed phenomenon: The number of the intramembrane particles in the Pfracture face decreased from more than 4,200 particles//xm 2 at zero time to less than 2,900 particles//,Lm e after addition of the virus.
An important observation was the virus-dependent induction of thermotropic separation of the intramembrane particles. Cells that were first incubated with the virus from 1 to 5 min at 37~ (Figs. 2b and c) and then transferred to the cold showed a high degree of the intramembrane particles' clustering in both the P-and E-fracture faces of the fractured membranes ( Fig. 2 d and e) . Complete redistribution of the intramembrane particles occurred when the cells were transferred back from the cold to 37~ for several minutes, showing that the virus-induced thermotropic separation of the intramembrane particles is fully reversible (not shown).
Observations by phase microscopy revealed that cell fusion was initiated between 3-5 rain of incubation and was completed after 8-10 min (scheme in Fig. 5) . A survey of the freeze-fractured membranes showed that formation of polyerythrocytes was accompanied by gradual increase in the density of the intramembrane particles in the P-fracture face (Fig. 3) , reaching about 5,000 particles//zm e after 6-8 min of incubation (Figs. 2 and 3) . Interestingly, the intramembrane particles of the fused cells were found to be refractile to the thermotropic separation. The 4611 THE JOURNAL OF CELL BIOLOGY 9 VOLUME 78, 1978 FIGURE 2 Virus-induced thermotropic separation of intramembrane particles in freeze-fractured chicken erythrocytes. Chicken erythrocytes were fused by Sendai virus (2,000 HAU/ml) in the presence of CaCI~ At each time-point indicated, samples were removed and immediately fixed with glutaraldehyde (1%, vol/vol, final concentration) at the same temperature. Each point represents an average of the particles' density calculated from 8 to 10 micrographs. For each set of numbers, the statistical error mean +-SEM was calculated. The counting on individual micrographs was performed by random sampling of at least 30% of the total area of a micrograph of P-fracture face and the entire micrograph area of the E-fracture face. Thus, for each number presented in this figure, approx. 6,000-18,000 particles were counted on the P-fracture face, and about 2,000-5,000 particles on the E-fracture face. In most cases, micrographs of a final magnification of 150,000 were used. (a and b) Intramembrane particles' density of P-and Ffracture faces, respectively. intramembrane particles of polyerythrocytes appeared highly dense and evenly distributed, both at 37~ (not shown) and at 4~ (Fig. 2f) , thus showing the dependency of the thermotropic separation upon the incubation time with the virus at 37~ (see also Fig. 5 ).
The initial reduction in the intramembrane particles' density seen in the fusing systems (Figs. 2,  3 , and 5) could not be detected in the P fracture face of cells incubated with the virus in the presence of EGTA (Fig. 4a) . However, when these virus-agglutinated cells were transferred to the cold after 3-5 min of incubation at 37~ clustering of the intramembrane particles was induced (Fig. 4b) , although it was less pronounced than the clustering observed in the presence of Ca --+ (cf. Fig. 2d with Fig. 4b) . Fig. 5 summarizes the effect of antiviral antibody on virus-induced fusion, alteration in the intramembrane particles' density, and thermotropic separation of the particles. When the antiviral antiserum was added at 37~ immediately after induction of agglutination by the virus (zero time of incubation), it inhibited both the development of membrane fusion and the reduction in the intramembrane particles' density. The particles in the P fracture face of these cells did not show thermotropic separation at any point along the incubation period at 37~ When the antibody was added after 2-min incubation at 37~ it inhibited formation of polyerythrocytes but preserved the virus-dependent, cold-induced clustering of the intramembrane particles. These nonfusing cells exhibited thermotropic separation of the intramembrane particles, even after prolonged incubation at 37~ (Fig. 5) , as opposed to fused cells in which the particles could be clustered in the cold only during the first stages (initial 1-5 min) of the fusion process (Figs. 2 and 5 ). When the antibody was added after membrane fusion was started (5 min of incubation at 37~ it did not affect any of the virus-induced changes seen in chicken erythrocytes. Fig. 6 a shows what probably is the first step in the interaction between Sendai virus and the plasma membrane of chicken erythrocytes. The intimate association between the virus envelope and its receptor on the surface of the membrane causes folding of the cell membrane, thus creating a small depression. Indeed, a virus particle that has been fused and became incorporated into the membrane can be visualized (Fig. 6b) when the P-fracture face of the chicken erythrocyte is examined. Fig. 6c shows a side view of a membrane in which an early stage of virus-cell interaction can be seen. The virus penetrates the membrane through the edge of its envelope in a narrow and restricted region. Two consecutive steps in the process of virus fusion with the cell membrane are seen in Fig. 6d and e which show the E-fracture face of the membrane. In Fig. 6d , the contours of the virus particle can still be identified, although most of the particle has already fused with the cell membrane. In Fig. 6e , only the remnants of the virus particle can be seen after its outer membrane 470 THE JOURNAL OF CELL BIOLOGY 9 VOLUME 78, 1978 I~GtrRE 4 Thermotropic separation of intermembrane particles in chicken erythrocytes incubated with Sendai virus in the presence of EGTA. Chicken erythrocytes were incubated with Sendai virus (2,000 HAU/ml) essentially as described in Materials and Methods for the fusion system, except that the CaCI~ was omitted and EGTA (2 mM) was added. No fusion was observed. (a) P-fracture face of cell membranes obtained after 2-min incubation with the virus at 37~ (b) Membranes' P-fracture face from the system described in a but cooled at 4"C for 5 rain before fixation. V, virus particle. FzGtrl~ 5 Effect of antiviral antiserum on virus-induced fusion of chicken erythrocytes and on coldinduced clustering of their intramembrane particles. The figure presents a schematic summary of an experiment combining observations in phase and electron microscopy. Experimental conditions and the procedure of cooling the cells for testing the thermotropic separation of intramembrane particles were as described in the legend to Fig. 2 . At each time-point indicated in the scheme, the incubation mixture was divided into four parts: The first was incubated further at 37~C; the second was fixed for freeze-etching at 37~ the third was cooled at 4~ before fixation; and to the last part the antiviral antibody was added at 370C. The system containing the virus antibody was incubated for another 10 rain at 37*C and then fixed either immediately at 37~ or after cooling at 4~ as described in the legend to Fig. 2 . Ab, antiviral antiserum.
Microscope Evidences for the Fusion of Sendai Virus Envelope with the Chicken Erythrocyte Membrane in the Presence and Absence of Ca ++
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has been completely fused with and melted into the E-fracture face of the cell membrane.
The isolated internal protein of Sendai virus (M-protein) appears in the electron microscope as aggregates of long filaments and rods which can be as long as 0.5-1 ~m (16) . Fig. 6f and h probably represent these filaments (M-protein) after or during their incorporation into the chicken erythrocyte membrane. The P-fracture face is interrupted by depressions of various lengths (Fig.  6fand g ), while the complementary long protrusions in the E-fracture face can be seen in Fig. 6h . In addition, a rearrangement in the internal part of the viral envelope, which could lead to the integration of the filamentous M-protein into the cells' plasma membranes, can be distinguished in Fig. 6b (arrow) . The freeze-fractured membranes containing the rod structures were more abundant in an EGTA-containing system as compared to a CaCI2 system. The significance of this observation
is not yet clear. It should be stressed that very few or none of the above described signs of virus incorporation could be distinguished in fractured membranes of cells incubated for more than 4-5 min after addition of the virus at 37~ irrespective of the development of membrane fusion (in the presence of CaCI~) or lack of membrane fusion (EGTA) in the system. Table I shows that Sendai virus stimulated the uptake of Ca ++ ions into chicken erythrocytes, while under the same conditions movement of glucose-l-phosphate was not affected. Low concentration of La §247 (0.07 mM) completely blocked the virus-induced Ca + § uptake (Table I) . La +++ is known to possess a high affinity for Ca ++-binding sites, and was shown to replace Ca § in several biological systems (50) . About 60% of the total amount of Ca ++ introduced in chicken erythrocytes after incubation with Sendai virus for 30 min at 37~ could be released either by hypotonic hemolysis or addition of Triton X-100 (1% vol/vol) to the cells. The remaining Ca ++ was found to be tightly associated with the membranes (not shown). (See also reference 47.) Fig. 7a shows that Ca ++ uptake was highly dependent on virus and Ca ++ concentrations in the medium. Incubation of the cells with the virus also induced a certain degree of hemolysis (numbers in brackets in Fig. 7 a) . However, an inverse relationship was detected between the amount of Ca ++ accumulated and the degree of hemolysis when the cells were incubated with a fixed amount of Sendai virus and increasing concentrations of Ca ++ (Fig. 7a) . Kinetic studies revealed that about 50% of the maximal Ca ++ was accumulated during the first 10 min, during which the degree of virus-induced hemolysis was negligible (Fig.  7b) .
Virus-Induced Ca ++ Accumulation in Chicken Erythrocytes and HTC Cells
Essentially, the same results were obtained by incubation of HTC cells with Sendai virus and Ca ++ (Table II) . As can be seen in this 
Is the Rise in lntracellular Ca ++ Essential for Virus-Induced Fusion of Chicken Erythrocytes?
Fusion could be promoted by Sendai virus even in the presence of EGTA, provided the cells were first preconditioned with intracellular Ca ++. The latter can be achieved by incubating chicken erythrocytes with CaCI2 and the ionophore A-23187, followed by extensive washings as previously described (47) . As can be seen in Table III , a high degree of fusion was obtained after a short period of incubation (2-3 min) at 37~ when low amounts of virus were incubated with these Ca ++- 
Specificity of Virus-Induced Ca ++ Uptake by Chicken Erythrocytes: Effect of G-1-P and La+++
System p4C]G-1-P uptake 4SCa uptake Exp I 45CaC12 (2 mM) 45CaC12 (2 mM) + virus 45CaClz (2 mM) + G-1-P (2 mM) 45CaCI2 (2 mM) + G-1-P (2 raM) + virus 45CaC1, (2 Ca ++ accumulation in chicken erythrocytes in the presence of Sendai virus was assayed after 30-min incubation at 37~ as described in Materials and Methods. 1,200 HAU/ml of the virus were used and a given amount of glucose-l-phosphate (Exp I) or LaCI3 (Exp II).
[t4C]G-1-P accumulation in chicken erythrocytes was measured after 30-min incubation at 37~ using the Ca +--uptake method and Ca ++ uptake system, in the presence of nonradioactive CaC12 at a given concentration and 1,200 HAU/ml of the virus (Exp I). 
DISCUSSION
The present work is an attempt to study some of the effects of Sendai virus action on chicken erythrocytes and to correlate them with the cells' ability to undergo fusion. The results of this work, as well as some of our previous reports (23, 27, 37, 47) , are summarized in a scheme presented in Fig. 8 . This scheme represents our view of the sequence of some of the virus-induced structural changes which eventually lead to membrane fusion.
The first noticeable result of the Sendai virus interaction with chicken erythrocytes is binding of the virus to the cells, thus causing their immediate agglutination. Subsequently, the envelopes of the viral particles that remained attached to the cell surface ( Fig. 1) fuse with the cells' plasma membranes at 37~ thereby allowing integration of viral proteins into the membrane of the recipient cell. Incorporation of viral antigens into membranes of cells undergoing fusion has been shown previously by using antiviral antibodies (7, 49) and by identifying specific viral proteins among the various proteins of fused plasma membranes (21, 32) . Attachment of whole virus particles to the P-and E-fracture faces of plasma membranes has been also demonstrated before by use of the freeze-etching technique (5, 6).
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THE JOURNAL OF CELL BIOLOGY" VOLUME 78, 1978 (A) Sendai virus and chicken erythrocytes (2.5% voi/vol) were preincubated for 10 min at 4~ in the presence or absence of CaClz and then transferred to 37~ for further incubation.
(B) Chicken erythrocytes (2.5% vol/vol) were incubated with CaCI~ (1 mM) and ionophore A-23187 (3 g.g/ml) for 10 rain at 37~ The treatment was followed by four consecutive washings in Solution K containing EGTA (1 mM). Finally, the ceils were resuspended in Solution K to give a final concentration of 2.5% (vol/vol) (=Ca ++ and ionophore-treated cells). Then Sendai virus and CaCI~ or EGTA were added, and the mixture was incubated for 10 rain at 40C and then transferred to 37~
The present work shows that, in addition to the virus envelope proteins, the M-protein of the virus also is probably integrated into the plasma membrane of chicken erythrocytes (Fig. 6 ). It should be noted that during the preparation of this manuscript a work was published showing, by the freeze-etching technique, fusion of Sendai virus particles with the human erythrocyte membrane (20) . The electron micrographs presented in that publication are similar to those shown in the present work. The authors suggested that the long rods (seen in membranes in which the virus was incorporated) are part of the virus envelope (20) . We propose, however, that the long structures are filaments of viral M-protein since similar structures were seen in electron micrographs of pure M-protein (16) .
Neither binding nor incorporation of the virus into the cell membrane requires Ca ++ (Figs. 1 and  6 ). Recent electron microscope studies in our laboratory, with ferritin conjugated antibodies, clearly showed the incorporation of Sendai virus antigens into membranes of chicken erythrocytes which had been incubated with the virus at 37~ in the presence of EGTA (2 mM of viral particles into cell membranes, in the absence of Ca ++ , can also be inferred from the fact that Sendai virus is able to induce rapid and high hemolysis of erythrocytes in the presence of EDTA or EGTA (31, 43) . Leakage of hemoglobin was suggested to take place through pores that exist in the incorporating virus (4) .
Since the presence of Ca ++ ions is essential for virus-induced membrane fusion of chicken erythrocytes (31, 43, 44) , we suggest that a distinction between the requirements for virus-membrane fusion and membrane-membrane fusion should be made (Fig. 8) . Indeed, recently Maeda et al. showed that high concentrations of mono-and disaccharides such as glucose or sucrose strongly blocked Sendai virus-induced membrane fusion, although they did not affect the incorporation of virus particles into the cell's plasma membrane (29) .
Interaction of Sendai virus with chicken erythrocytes promoted transient thermotropic separation and transient decrease in the density of intramembrane particles. Kinetic studies as well as experiments with antiviral antibody (Fig. 5 ) revealed a close correlation between the first stages of the virus-cell interaction, development of membrane fusion, and the above two phenomena. It may be speculated that the cold-induced clustering of the intramembrane particles might result from a virus-induced partial dissociation of the erythrocyte spectrin, or from the integration of viral envelope lipids into the cell's membrane. Partial removal of spectrin has been shown to release the intramembrane particles from their restriction and to allow their lateral movement with respect to one another (12)) The decrease in the intramembrane particles' density might also be due to the virus-induced removal of spectrin, as suggested above, assuming that some of the intramembrane particles are firmly attached to spectrin (45) .
On the other hand, the incorporation of virus envelope lipids may create an area of rigid phospholipids from which intramembrane particles would be excluded (28) . In this context, it should be noted that the enrichment of the cholesterol content of hen erythrocytes increased fusion of the cells by Sendai virus (17) . This might be due, as suggested by the authors, to an increased phase separation of the lipid bilayer (17) . A lack of thermotropic separation of intramembrane particles in fused cells, which indicates that the alteration induced in the plasma membranes during the first steps of virus-membrane interaction is reversible, may result from an increase in density of the particles in these cells (Figs. 2 and 3) .
Howe (6, 7) reported that a vast clustering of intramembrane particles occurred during the interaction of Sendai virus with intact human erythrocytes at 37~ However, neither we (Fig. 2 ) nor others were able to repeat this observation (20) . Thus, the previous observations on clustering of the intramembrane particles may be due also to the thermotropic separation of the particles, as the authors cooled the cells before subjecting them to the freeze-etching process (6, 7) .
Ca ++ is required for virus-induced fusion of chicken erythrocytes or of other nucleated cells but not for fusion of intact human erythrocytes or human erythrocyte ghosts, which can be fused by Sendai virus, even in the presence of high concentrations of EDTA (37) . We suggest that these differences arise from the fact that chicken erythrocytes as well as other nucleated cells contain cell microtubules that mammalian erythrocytes generally lack (14) . Cell microtubules, which are organized in the form of a "marginal band," stabilize the oval shape of chicken erythrocytes (14) . Rounding of chicken erythrocytes in the presence of Ca ++ and a ionophore (3, 47) may be due to the disorganization of the marginal bands, as was suggested before (47) . Ca ++ was found to cause depolymerization of microtubules and to inhibit their assembly (40) .
As the rounding of chicken erythrocytes always precedes fusion of these cells by Sendai virus (44) , nonviral fusogenic agents (1), or Ca § and a ionophore (3, 47) , we suggest that the dissociation of microtubules is a prerequisite for the induction of cell fusion in nucleated cells. Indeed, colchicine (10-5-10 -4 M) strongly stimulated virus-induced fusion of chicken erythrocytes (not shown), and its presence was found to be essential for promoting fusion of erythrocytes with cells grown in monolayers (48) .
It is conceivable, therefore, that Sendai virus increases the permeability of cell membrane to Ca ++, thus raising its intracellular concentration and thereby affecting the state of the cells' microtubules. This possibility is strengthened by three observations in the present work: (a)Sendai virus stimulated uptake of Ca ++ by chicken erythrocytes and HTC cells; (b) membrane fusion could be induced by Sendai virus in the presence of EGTA only in Ca++-loaded chicken erythrocytes that are already partially rounded; and (c) a transient decrease in the density of intramembrane particles (Fig. 3) was promoted by the virus in the presence of CaCI~ but not in the presence of EGTA.
As La + §247 or pretreatment of virus particles with La § (not shown) 4 prevented Ca § accumulation, it is possible that Ca §247 is introduced into the cells via the virus particles. This view could explain the fact that Ca + § is required for cell-cell fusion but not for the fusion of the viral envelope with the cell membrane.
It has been proposed before that membrane fusion takes place between the lipid bilayers of two adjacent cells (2, 38, 51) . Induction of fusion by viruses or by other fusogenic agents should therefore promote a sequence of events which eventually will lead to the exclusion of intramembrahe particles from the fusion area, concomitant with the exposure of membrane phospholipids in that region.
The decrease in the intramembrane particles' density and their thermotropic separation, observed in the present work during the first stages of the fusion process, may indicate an increase in the freedom of movement by membrane proteins with respect to one another, a step that is required for their removal from the fusion area.
